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ABSTRACT: Using ab initio calculations and classical molecular dynamics
simulations coupled to complementary experimental characterization, four
molecular semiconductors were investigated in vacuum, solution, and crystalline
form. Independently, the molecules can be described as nearly isostructural, yet
in crystalline form, two distinct crystal systems are observed with characteristic
molecular geometries. The minor structural variations provide a platform to
investigate the subtlety of simple substitutions, with particular focus on
polymorphism and rotational isomerism. Resolved crystal structures offer an
exact description of intermolecular ordering in the solid state. This enables
evaluation of molecular binding energy in various crystallographic configurations
to fully rationalize observed crystal packing on a basis of first-principle
calculations of intermolecular interactions.

SECTION: Molecular Structure, Quantum Chemistry, and General Theory

Molecular design strategies for organic semiconducting
chromophores revolve around established structure−

property relationships.1−8 The current design toolbox based on
intuition, comparison against literature precedent, and
computational approaches is primarily limited to insight on
the molecular scale. Small changes at the molecular level may
drive more substantial changes in bulk properties; many of
which rely on the strength and type of intermolecular contacts.9

There is therefore a need to better understand the impact of
molecular connectivity on the meso and bulk scales, particularly
in this context as molecular self-assembly plays a critical role in
the operation of semiconducting devices.10−13 The mechanism,
by which subtle changes in chemical composition or processing
conditions result in large changes in macroscopic properties, is
polymorphism of molecular solids.14−17 From a theoretical
perspective, such polymorphism poses a challenge for crystal
structure prediction and, ultimately, for establishing structure−
property relationships.18−20 In this contribution, we analyze
four molecules using experimentally determined crystal
structures and theoretical methods to elucidate key factors
responsible for the high sensitivity of relevant macroscopic
properties, such as charge transport and photogeneration of
charge carriers, to small changes in chemical structure. From a
practical perspective, such knowledge has the potential to
deliver a predictive basis for the design of organic semi-
conductors.

Molecules 1−4, shown in Chart 1, represent a class of
molecules that have demonstrated excellent performance in

solution-processed bulk-heterojunction solar cells.21−23 This
class of molecule adheres to an architecture generally described
as donor−acceptor−donor−acceptor−donor, wherein dispa-
rate electronic character of adjacent building blocks gives rise to
low energy charge transfer excited states and consequently
narrow bandgaps. Single crystals were grown via solvent vapor
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Chart 1. Molecules 1−4 in Their Optimized Geometrya

aR1 = C6H13, R2 = 2-ethylhexyl. Bold red bonds indicate location of
dihedrals 1−3, from left to right, respectively.
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diffusion of molecules 1 and 3,24,25 and we report for the first
time 4 and attempted unsuccessfully for molecule 2. The
geometry of the conjugated backbones (CBBs) for 1−4 chosen
for illustration in Chart 1 is also the geometry of molecule 1 in
its observed monoclinic crystal structure as well as one
observed polymorph of 4, in which static disorder reflects a
partial population of 4 with a single inverted heterocycle. This
class of molecules has been shown to typically crystallize in
optimized geometries,26 yet we observe a violation of this for
two crystals; molecule 3 and a polymorph of 4 exhibit linear
CBBs within a triclinic unit cell. There are no obvious steric or
electrostatic explanations for this discrepancy considering that
molecule 4 appears in each configuration in the experimentally
determined lattices. Lattices structurally similar to crystal 1 will
be referred to as type a (Figure 1a) and the lattice similar to

crystal 3 will be referred to as type b (Figure 1b). The
molecular features we observe in resolved lattices that
distinguish type b from type a are three flipped dihedrals in
the CBB, as illustrated in Figure 1. Two implications that follow
from these observations are (1) the significance of rotational
isomerism and (2) the preferential formation of lattices
comprising unoptimized geometries. While molecular shape is
cited as an important facet of solid-state packing and ongoing
efforts seek to control shape via connectivity and conforma-
tional locks,27−34 neither of the aforementioned implications
have been represented in molecular design strategies. To
rationalize experimental observations, we have applied two
distinct modeling approaches: density functional theory (DFT)
and classical molecular mechanics (force field). The details of
the computational methodology are given in the Supporting
Information. For DFT calculations, we use CAM-B3LYP
density functional combined with 6-31g* basis set. For classical

molecular dynamics (MD), we use MM3 force field, which
treats π-conjugated system quantum mechanically using Huckel
Hamiltonian.
We start with the consideration of structural and electronic

properties of molecules in solution, from which the bulk
material is formed. Semiconducting molecules typically consist
of tens to hundreds of atoms, including side chains. This results
in a computationally prohibitive conformational space count-
able only by special techniques like replica exchange.35 When
studying extended π-conjugated systems using theoretical
methods, most of the electronic properties of an isolated
molecule are determined by the CBB.36−39 For intramolecular
electronic properties, this variety of conformations results only
in some inhomogeneous broadening of observables such as IP/
EA or peaks in optical spectra.24 In contrast, intermolecular
properties such as electronic couplings or structural arrange-
ments are highly sensitive to variations in conformation of
individual molecules as well as the nature of solubilizing side
groups.
For 1−4, the conformational analysis of CBBs has been

performed on a DFT level. Here each CBB has six bonds that
link aromatic units (bonds 1−6 moving along the CBB), and all
six bonds possess a possibility of two planar configurations.
Table 1 provides a concise summary of the energetic landscape

of the CBB of each molecule using three values: planarization
energy (Ep), the energy cost of flipping a dihedral from the
optimized configuration (Efn, where “n” is the bond defining the
axis of rotation), and the energy barrier for dihedral rotation
(Ebn). For all four isolated molecules, the geometry of the CBB
at the energetic global minimum is congruent to the one
chosen for illustration in Chart 1. It is important to point out
that while these bonds can be assigned an orientation, due to
sterics they do not necessarily adopt exactly 0 or 180° dihedral
angles. However, because the planarization energies for these
dihedrals are <10 meV at room temperature (see Table 1), all
considered CBBs are statistically planar. Therefore, the
conformational space of each CBB consists of 26 = 64
rotational isomers, or rotamers. It is worth noting for the
observed flipped dihedrals 1, 3, and 4 in crystal geometries of 3
and 4 that the Efn energies are approximately at or below kT at
300 K. Dihedrals 3 and 4 in 1 and dihedrals 2 and 5 in 2 are
trapped in a global minimum effectively locking their
conformations. In the case of 1, this would preclude adopting
the geometry found in the crystal of 3, or type b. Specific values
for dihedral angles and energetic costs can be found in Tables
S3−S6 in the Supporting Information for all 34 unique
geometries of each molecule without aliphatic side groups.

Figure 1. Truncated portions of experimentally determined crystal
structures of 1 (a) and 3 (b) from a perspective parallel to π-stacks
illustrating characteristic type a and type b lattices, respectively.

Table 1. Energetics of Rotational Isomerisma

mol. env.b Ep
c Ef1

d Ef2 Ef3 Eb1
e Eb2 Eb3

1 vac. 9 31 34 66 118 187 407
2 vac. 6 32 65 28 134 405 182
3 vac. 9 31 30 24 119 204 209
4 vac. 9 31 26 22 121 200 210
1 CHCl3 8 27 13 65 123 159 361
2 CHCl3 4 27 64 7 136 358 153
3 CHCl3 8 27 6 17 125 173 171
4 CHCl3 8 27 19 0 124 174 168

aAll values are in units of millielectronvolts. bMolecular environments
including vacuum and chloroform. cCost for planarization. dEnergetic
cost for flipping dihedral. eBarrier for rotation of dihedral.
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It should be noted that potential energy surfaces for the
dihedrals of interest are sensitive to model chemistry (see Table
S4 and Figure S6 in the Supporting Information). Despite the
fact that our default ab initio method (CAM-B3LYP/6-31g*)
was chosen to make valid comparisons with the available
experimental data, the uncertainty of calculated differences in
energies is larger than 10 meV (Figure S6 in the Supporting
Information). Additionally, the difference in thermal vibrational
energies between the most important rotamers does not exceed
10 meV, which is spread over the entire vibrational spectrum
for a particular class of molecules. Therefore, we will neglect
this contribution to energy. Finally, because we have a
heteroatomic conjugated system, we have large atomic charges
(Table S3 in the Supporting Information), and thus the
rotamer energetics is sensitive to solvent.
As we previously mentioned, the huge conformational space

of side chains may result in an important entropic contribution
to rotamer energetics in solution. To address these issues, we
employed MD calculations for a dynamic perspective and
estimate of free energy. An interesting distinction between
molecules 1 and 3 arises with the inclusion of side-chains
regarding the barrier to rotation. Because of a favorable
interaction between the aliphatic hydrogen atoms and the
electronegative fluorine, side chains stabilize the rotation of
dihedrals 3 and 4 from the lowest energy conformation in
molecule 3. This is seen in Figure S7 in the Supporting
Information as a deviation between potential energy surface for
dihedral 3 in CBB and free-energy surface for dihedral 3 in the
full molecule.
After determining molecular conformational preferences in

solution, we are now ready to analyze crystals. All
experimentally determined structures of 1−4 have a common
crystal motif: a closed-packed lattice of 1-D π-stacks. Figure 1
illustrates how cofacial neighbors arrange in the lattice for
molecules 1 and 3 (Figure 1a,b, respectively). The CBB of all
molecules in a single π-stack are perfectly aligned with typical
π−π stacking distance of 3.5 Å. All crystals have nearly the same
molecular density (see Table S10 in the Supporting
Information) while having very different microstructure, but
all are consistent with the space filling being an important
driving force for crystal formation. The key difference between
the studied crystals is in the arrangement of molecules in a
stack. From this perspective, only parallel and antiparallel stack
types are observed, as determined by the mutual orientation of
the neighboring molecules in a stack. An intrinsic static

disorder, which is typical for crystals of such molecules, involves
both side-chain and CBB conformations. To understand the
lattice arrangements, we performed MM3 force-field calcu-
lations of the binding energies of molecules in a crystal (see
Table 2). Here the static disorder is removed from the
experimentally observed structure and then relaxed with MM3
force field. For system 4, two conformations, 4a′ and 4a″,
coexisting in a single crystal are considered separately. Among
lattices not observed experimentally we consider only those
corresponding to experimentally observed crystals 1 (type a)
and 3 (type b). As expected, in all cases, calculated intrastack
binding energy (∼2.0 eV/molecule) is much stronger than the
interstack pairwise binding energy (∼0.4 eV/molecule). The
latter is defined as the difference between the total and
intrastack interaction energies divided by the number of
interacting stack directions (three per stack).
The rationalization of the observed structural trends is

straightforward based on conformation energy and intrastack
and interstack binding energies from Table 2. For molecule 1,
all of the three components give a strong preference for the
crystal structure observed experimentally (1a). For molecule 3,
the experimentally observed conformation 3b is not the lowest
conformation in solution, but the energy difference, 60 meV, is
small enough for this conformation to be populated at the
room temperature. In addition, half of this energy is due to the
rotation of the terminal thiophene, which, at a π-stack terminus
would not have its rotation impeded by a cofacial π system (see
Figure 1b). Intermolecular binding energies give a strong
preference for the observed crystal structure (3b). For molecule
2, the conformations 2a and 2b have even smaller energy
difference in solution. The intrastack binding energy prefers the
structure 2a, whereas the interstack interactions give preference
to the structure 2b. We postulate that the frustration between
the two polymorphs prevents single-crystal formation, and in
fact we have not yet succeeded in the preparation of single
crystals for this molecule. For molecule 4, the experimentally
observed conformations 4a′ and 4a″ are nearly isoenergetic in a
solution. The intrastack binding energies are also nearly the
same for each structure, and there is little variation in interstack
energies. As a result, two polymorphs are observed for molecule
4 with the noticeable static disorder.
Molecular assembly in the discussed crystal motifs has

profound implications on the materials electronic properties.
To exemplify this statement, Table 2 shows exciton and hole in-
stack nearest-neighbor intermolecular couplings computed by

Table 2. Summary of Computed Properties of Crystals Optimized by MM3 (Values Based on Observed Structures in
Parentheses)

entry
conformation energy

(eV)
binding energy

(eV)
intrastack binding energy

(eV)
interstack binding energy

(eV)
exciton coupling

(meV)
hole coupling

(meV)

1a 0 3.39 2.04 0.45 65 (63) 53
1b 0.16 3.10 1.88 0.41 69 121
2a 0 3.28 2.06 0.41 45 40
2b 0.04 3.23 1.86 0.46 51 126
3a 0 2.99 2.08 0.30 57 65
3b 0.06 3.34 2.15 0.40 43 (30) 127
4a 0 3.14 2.06 0.36 65 44
4a′a 0 3.16 2.07 0.36 102 (113) 100
4a″a 0.02 3.18 2.02 0.39 80 (88) 75
4b 0.03 3.31 2.03 0.43 56 (46) 105

a4a′ and 4a″ represent experimentally determined crystal structures for 4 that adopt type a geometry, and prime and double prime accommodate
two observed disorder contributions. Binding energies are reported per-molecule.
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DFT using previously reported methods.15 Here we recall that
hole mobility and exciton diffusion coefficient are roughly
proportional to the squared couplings. While excitonic
couplings are approximately similar for studied polymorphs, a
clear trend is observed for hole couplings: type b crystal
structure has two to three times larger coupling than type a
structure owing to a better π-electronic overlap. This suggests
much higher hole mobilities along the stack for type b crystals.
A detailed study of excitons and charge transports in these
materials will be reported in our future works.
In conclusion, we have used computational methods to

reconcile disparate molecular packing arrangements for
isostructural molecules that arise from seemingly innocent
molecular features. The calculated rotational barriers and
relative energies of different rotamers corroborate that in fact
a diverse distribution of molecular species is likely to exist in a
sample of material that exhibits this highly common form of
asymmetry. Single-crystal structures indicate that an optimized
molecular geometry cannot be assumed to represent a
dominant species in the bulk or as the most likely candidate
for single crystal formation. First-principle and dynamical
calculations offer insight that is unavailable experimentally. This
work assists in assessing key structural features of organic
semiconductors more comprehensively, both retrospectively
and moving forward. As this work is extended, one can envision
an enhanced understanding on the mesoscopic scale and the
possibility of a more ground-up approach to molecular design.
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